In China and Southeast Asian countries, the solid-state fermentation (SSF) process is maintained empirically, especially when to fed-batch fermentation by layers. The SSF process of Chinese vinegar is typical fed-batch fermentation by layers. It generally lasts about 18 days and is divided into four stages according to the aroma. A new electronic nose technique was developed based on colorimetric sensor array for identifying the four stages and controlling the quality of SSF. Twelve chemically responsive dyes including nine pH indicators and three porphyrins materials were selected according to their sensitivity to volatile compounds typically occurring during SSF process of vinegar. When the sensor array was exposed to vinegar, a color change profile for each sample was obtained by differentiating the image of sensor array before and after exposure to the head-gas of the sample. The values of RGB (i.e., Red, Green, and Blue) color components were extracted from each dye in color change profiles, and they were analyzed using principal component analysis (PCA) and K-nearest neighbour analysis (KNN). In comparison to PCA, KNN obtained an optimum identification result, the discrimination rates were 91.67% and 86.11% in the calibration set and prediction set, respectively. This research shows that the colorimetric sensor array could be a simple method for online monitoring and controlling the fermentation process of SSF.
Introduction
In China and Southeast Asian countries, the SSF process is maintained empirically, especially when to fed-batch fermentation by layers. This process without modifications because there are too many uncertainties and misunderstandings about fed-batch fermentation by layers. Therefore, it is necessary to guarantee the good quality vinegar products for consumers. There has very little research on the solidstate fermentation process. Hubert has reviewed the history of vinegar but it does not discuss in any detail about solid-state fermentation [1] . Xu Wei monitored the microbial community during solid-state acetic acid fermentation of Zhenjiang aromatic vinegar [2] . Therefore, it is necessary to develop a rapid, nondestructive method to monitor the different stages of acetic-acid formation process.
Chinese traditional vinegars, including Zhenjiang aromatic vinegar, Shanxi old mature vinegar, Jiangzhe Rouse vinegar, Fujian Monascus vinegar and Sichuan bran vinegar, are all produced by solid-state fermentation (SSF). However, many studies work on liquid state fermentation in western countries [3] , little publications in English on vinegar production by solid-state fermentation have appeared in the last 20 years [4] . The vinegar Pei is semi-solid substrates by mixing alcohol mash with the wheat bran and rice hull. The fermentation culture of vinegar Pei is taken place in a series of two open containers (big jar or basin). The SSF generally lasts about 18 days, and the temperature and humidity of fermentation culture is retained at 40~46°C and 60~70%, respectively [2] . According to the aroma raised by vinegar Pei, the SSF process usually is divided into four stages by workers. Firstly, "formation of vinegar Pei", a certain amount of rice wine (about 14% ethanol, v/v) is mixed with wheat bran, rice hull, and so-called vinegar seeds to form a semisolid substrates in the first container (half volume), at the first day [4] . Secondly, "raise the temperature of vinegar Pei", at 2-3 days, the vinegar Pei is covered by a straw mat. As the micro fermentation, the temperature raised from room temperature to 40~46°C [4] . Thirdly, "fed-batch fermentation by layers", the vinegar Pei is divided in 10 layers. Every 24hours, the top layers is mixed with fresh rice hull to increase porosity and transferred to the second container. After 10 days, the first container is thus empty and the second one full [4] . Fourthly, "face bottom", ethanol oxidation and acetic-acid formation mainly take place in the top layer of the second container, which is exposed to the air [4] . It needs to overturn the layers of vinegar Pei, by turn the bottom layer to the top layer. Therefore, the workers could see the bottom of the pot at 11-18 days. Traditionally, feeding and mixing was done manually. Aroma is possibly the most important factor in identify the vinegar Pei at different days for workers. The two basic techniques used to assess aroma, sensory analysis and conventional gas chromatography-mass spectrometry (GC-MS), are generally too time-consuming, complex and labour intensive for routine quality application [5] . Therefore, a gas sensor system, also termed electronic nose that mimics the human sense of olfaction and thus measures smells is a very promising technique for rapid analyzing the solidstate fermentation stages of vinegar characterization. But the vinegars have high corrosiveness often poison mental oxide gas sensors. Normal electronic nose, which is based on mental oxide sensors, is not suit for vinegar analysis [6] .
Recently, Suslick and Neal [7] developed a colorimetric sensor array for gas analysis. The colorimetric sensor array is based on chemo-responsive dyes, which contain a center to interact strongly with analytes, and this interaction center must be strongly coupled [7, 8] . Colorimetric sensor arrays have been designed for the identification and quantification of different analytes such as molecular recognition [7] , aliphatic amines [9] , traditional vinegars [10] and amino acids [11] . Our group previous research [12] also has applied colorimetric sensor array to monitor vinegar acetic fermentation, but not every day. Researches mentioned above show that the colorimetric sensor array has huge potential in the analysis of food process.
The object of this study was to develop a new electronic nose technique based on colorimetric sensor array for rapidly discriminating different stages of solid-state fermentation process.
Materials and Methods

Vinegar Pei samples
The vinegar Pei samples used in this study were collected in November, 2012 from Jiangsu Hengshun Vinegar Industry Co., located in the eastern coastal province of Jiangsu. Nine samples per day were collected by laid 30g vinegar Pei in a sterile plastic bag. The nine samples are collected in three jars. For every jar, the three samples are collected from the top, middle and bottom of jar. During 18 days SSF process, 162 samples were obtained. After sampling, samples were taken to the lab immediately for analysis within 2 hours.
Reference measurement
Analysis volatile compounds of samples using GC-MS: After sampling, vinegar Pei were taken to the lab immediately and stored at 20°C before further analysis. The volatiles were sampled with an SPME-fibre (75 mm carboxen/ polydimethylsiloxane) in 1 minute. The fibre was thereafter transferred to the injection port of the gas chromatograph and desorbed at 250 [13] . To ensure the samples were not oxidized during storage before a run on GC/MS, only one sample was analysed at a time. The gas chromatograph was a Varian Star 3400 CX coupled with a Varian Saturn 2000 mass spectrometer.
The column was a DB-1701, length of 30m, 0.25mm, (i.d. 1 mm) operated with a gas flow of 0.8 ml/min at 40°C. The temperature gradient started at 40°C and was held at that temperature for 4min until a gradient with an end temperature of 100°C with an increase of 5°C /min was initiated [14] . The temperature of 100°C was held for 5min, and then a column cleaning gradient was initiated with an increase of 8°C /min to 230°C and held at 230°C for 7minutes. The mass spectrometer had a mass range of 35-400 m/z with a scan time of 1s in electron impact mode with electron energy of 70eV and an electron multiplier voltage of 350V. The chromatograms were integrated and the retention times and peak areas, transferred to an Excel spreadsheet. Peaks with retention time of more than 40 min were deleted as they were high boiling compounds with no aroma. The data were then aligned in an aligning program (Borggaard, 2000) with sample no. P-I-5 as reference chromatogram and the lowest area limit was set to 5000.
Acid analysis: Acid analyses were in accordance with the Official Methods of Analysis for Chinese vinegar (GB/T 5009.41-2003) (GB means national standard; 5009.41 was the codes of the official methods; and 2003 was the year in which the methods were revised). 10g sample was treated with 30ml distilled water, sufficiently whisked together and laid up 30min. The vinegar cultures were filtered by three layers of gauze and discarded to get the filtrate. The pH value of the solution was then measured by a pH meter (PHS-25C, Shanghai).
Colorimetric Electronic Nose
Colorimetric sensor array: The selected of the colorimetric material to design sensor array chip was based on these three fundamental requirements [7, 15, 16] : First, the formulation must react strongly with one or more analytes. The interaction must not be simple physical adsorption, but rather must involve stronger chemical interactions. Second, the reaction site must be strongly coupled to an intense chromophore such that reaction with an analyte leads to a measurable color change. Third, the formulation must not be so reactive that it precludes reproducible manufacturing and longterm stability during storage. Given that the goal of this work was the development of a porphyrins and pH indicators colorimetric sensor that would identify the volatile organic compounds, the colorimetric sensor array must possess chemoresponsive dyes which react specifically with acids, aldehydes, ketones, alcohols and have the required range of chemical sensitivity.
To optimize the colorimetric sensor array, we examined several commercially available sensing materials. The colorimetric arrays of chemoresponsive dyes were created by printing the dyes on C 2 reverse phase silica gel plates using microcapillary pipettes. The Figure 1 shows the images of the sensor array before and after exposure to analyte.
Imaging of the Sensor Array
According to our pre-experiment [10] [11] [12] [13] [14] [15] [16] [17] , a detection system for vinegar Pei differentiation was constructed and the schematic diagram was shown in Figure 1 . The measurement process is as follows: 1) gas producer equipment was kept constant temperature at 25±0.5°C, (2) vinegar Pei was placed into sampling chamber, (3) a colorimetric array was placed in detection equipment, (4) the threeway valve A and three-way valve B was turned on connecting tube 2 with tube 1, initial images were acquired by the flatbed scanner before the sensor array was first exposed to a flowing stream of N 2 without volatile organic compounds, and (5) odor streams containing the VOCs of interest were generated by flowing N 2 through the sampling chamber containing vinegar Pei sample in a thermostatic state, while valve A was switched on connecting tube 2 with 3 and valve B was connecting 3 with 1. At the end of experiment, gas of vinegar Pei was discharged by nitrogen after every trail.
Data Processing and Multivariate Analysis
To avoid factitious nonuniformity, the center of each dye spot was averaged. A difference image which showed color changes on the sensor array for each sample was obtained by subtracting the beforeexposure image (initial image) from the after-exposure image (finial image), i.e., red value after exposure to the VOCs of sample minus red value before exposure, green minus green, blue minus blue. The color change profiles were a simple 3N-dimensional vector (where N=number of dyes) that can be easily analyzed by standard statistical and chemometric techniques. Each analyte response represented three color components (i.e. R, G, and B); thus 12 dyes have 36 variables (i.e. 12 dyes ×3 color components). Each of the 36-dimensional vector would have one of the 256 possible values, rarely covered the entire 256 range. Usually, the RGB color components extracted from the difference image did not cover the full range of 0-255; rather, for improved display, the color of the difference image was enhanced by expanding the displayed color range to 0-255 (i.e., 8 bit color).
Multivariate analysis methods play an important role in differentiating vinegar Pei at different fermentation days using colorimetric sensor array. PCA and KNN were applied comparatively in this work using RGB data of difference images. PCA is an unsupervised pattern recognition method [18] , while KNN is a supervised pattern recognition method [18] [19] [20] [21] [22] [23] . Herein, we have systemically studied and compared PCA and KNN in data analysis, in order to achieve an optimum classification capacity of the proposed method in this work.
Software
The colorimetric sensor array data acquisition was compiled by us based on Visual C++ V6.0 (Microsoft, USA). All algorithms were implemented in Matlab R2012a (Matworks Inc., Natick, MA, USA).
Results and Discussion
Sample investigation
In this research work, the volatile compounds have been identified in the vinegar Pei at different fermentation stages by SPME-GC-MS. Figure 2(a) shows that the main volatile component content changes during 18 days fermentation process of vinegar Pei. The pH values of the vinegar Pei have been measured at different fermentation stages. Figure 2(b) shows that the pH value changes during 18 days solid-state fermentation of vinegar Pei. At the primary stage of solidstate fermentation (day1-day3), acetic acid and ethyl esters content increases. The phenylethyl alcohol and 3-methylbutanoic acid of vinegar Pei was not detected. The pH value were declined and at 3.88-4.01. At the "fed-batch fermentation by layers" (day4-day10), the pH value variation was complicated, may be explained by the occurrence of new volatile species in the headspace of vinegar Pei, such as phenylethyl alcohol. The ethyl esters increase at this process and then remain almost constant. At the later stage of solid-state fermentation (day11-day18), the ethyl esters were obtained by esterification of alcohol and acetic acid. The ethyl acetates was declined sharply, and the acetic acids were increase. At this time, the ethanol may be converted to acetic acids by the lactic acid bacteria. So during the SSF process, the pH value variation was complicated during the four stages as shown in Figure 2 
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Colorimetric Electronic Nose Analysis
Colorimetric sensor responses: The color change profiles obtained from the difference images are characteristic of dye interactions with vinegar Pei samples. Even the same combination of VOCs at a different species and concentration may be considered a different odor mixture. Thus, this kind of array-based sensing is a powerful tool for the detection of chemically diverse analytes by producing specificity, not from any single sensor, but as a unique composite response for each specific analyte mixture. Figure 3 shows the difference images of vinegar Pei during the 18 fermentation days. The difference images, which were obtained by subtracting the before-exposure images from the after-exposure images, showed more distinct color changes on the sensor array for each sample, thus making it more convenient to extract quantitative features for further analysis. Figure 3 clearly presents the characteristic color fingerprints of each sampling day. It confirmed the possibility of using a chromogenic array to monitor the SSF process of vinegar. Two clear tendencies in color differences can be observed. Firstly, almost all the dyes changed color and enhanced color change strength was noted during SSF. The former indicates that all the dyes were affected by volatile organic compounds change during the SSF process. They all contributed to outline the patterns. Secondly, the changes of pH indicator dyes are more obvious than porphyrins and their metal complexes. This may be because each pH indicator has its specific colorific fingerprint to the pH value. The pH value has changed markedly during the fermentation process. The nine pH indicator dyes in the sensor array may also change their optical property with the change of volatile organic acid in VOCs. However, colors of some dyes spots were nearly the same, their difference were not obvious. Hence, it was difficult to distinguish the vinegar Pei at four fermentation stages from their different images by our naked eyes. Multivariate analysis can help to distinguish them.
Data Analysis
In the colorimetric sensor array, every dye has a 3-dimensional vector (red, blue and green differences). The color change profiles are a 3N-dimensional vector. In this study, each analyte is represented for the 4 × 3 array. Thirty-six characteristic values (i.e., 12 red, green, and blue color difference values) for each sample were extracted from their difference images, and were used for PCA analysis. The first three PCs accounted for 69.98% of the total variance (PC1 = 33.55%, PC2 = 24.29%, PC3 = 12.14%). As shown in Figure 4 , a three-dimensional PCA score plot using the three most important principal components. The samples from the first fermentation day were clear distinguished, which in mainly because the VOCs were relatively low. The data measured corresponding to 2 though 3 fermentation days were some overlapped, and this also happened during 4 to 10 fermentation days. It is mainly because the variation of the pH value at day2-day3 and day8-day10 were relatively similar. The VOCs differences between these samples might be small in the early fermentation stages (day 2-day 6). Samples at the 11th to 18th day of fermentation could be the help of pattern recognition. In pattern recognition, the K-nearest neighbor algorithm (K-NN) is a useful method for classifying objects based on closest calibration examples in the feature space. In this work, the KNN analysis was applied to process the same data with PCA of all the samples. The results obtained by KNN provided a perfect classification result, 10 K values (K=1, 2… 10) and 9 PCs (PCs=2, 3… 10) were optimized simultaneously by the crossvalidation. As shown in Figure 5 , when K=5 and PCs=4, the optimal KNN was achieved, the discrimination rates were 91.67% and 86.11% in the calibration set and prediction set, respectively. In order to validate the developed model by KNN, Thirty new samples data were obtained by the colorimetric sensor array. The classification result was 90.0%. Only three sample between the "fed-batch fermentation by layers" stage and the "face bottom" stage. One sample was from day 10 misclassified to "face bottom" stage, and two sample from day 11 misclassified to "fed-batch fermentation by layers" stage. It is often difficult to distinguish these Pei even by experimental workers.
Zhenjiang vinegar is abundant in many flavor compounds, containing alcohols esters, aldehydes, organic acids, etc. Meanwhile, the colorimetric sensor array device gives over-all result of vinegar Pei volatile compounds. pH indicators, porphyrins and metalloporphyrins can bond with various volatile organic compounds [7] , generating color changes, which make the possible of detecting vinegar using the proposed method in this research. PCA and KNN were used comparatively to process the data extracted from color difference profiles of vinegar samples, to help in distinguishing vinegar Pei at different solid-state fermentation stages. And eventually, we achieved good classification results using this novel artificial olfactory technique based on colorimetric sensor array. Compared with previous researches, our work shows its own superiority both in results and the operability of system. In the data analysis, KNN obtained a better classification result compared with PCA, in this work.
Four groups were distinguished clearly by the colorimetric sensor array coupled with KNN. The colorimetric sensor array can avoid the influence of humidity and high corrosiveness. In addition, the colorimetric sensor array is low cost, simple, small size and portability. All these mentioned above show that the colorimetric sensor array can be used in vinegar industry.
Conclusion
A colorimetric sensor array was developed for discriminating vinegar Pei at different solid-state fermentation stages. The colorimetric sensor array was made from nine pH indicators and three porphyrins or metalloporphyrins materials printed on a C 2 reverse phase silica gel plates. PCA and KNN were used comparatively to analysis data for discriminating vinegar of different groups, and optimum identification result was achieved by KNN. It can be concluded that this colorimetric sensor array is an effective tool for identifying of distinguishing vinegar Pei at different solidstate fermentation stages, which has a great guiding significance for monitoring the quality of solid-state fermentation process of vinegar. separated easily from those for earlier days, which is mainly because acids and esters increased and the pH value declined sharply.
Geometrical exploration based on PCA score plots only gives the clusters trends and in this study, and our aim of this study is to classify three stages of SSF by this colorimetric sensor technique with
